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Introduction
Biological invasions are one of the most important factors contributing to the loss of biodiversity, degradation of ecosystems, and decline in ecosystem services (Chapin et al. 1997; Sala et al. 2000; Pysek and Richardson 2010) . Understanding the pathways of species introductions and range expansions informs wildlife and land management and can help mitigate or prevent further invasions (Hulme et al. 2008) . Many different processes contribute to the human-assisted introduction of exotic animals (Hulme et al. 2008; Carpio et al. 2016) , which include the unintentional escape of managed animals (e.g. zoo mammals, Cassey and Hogg 2015) , the intentional/accidental release of alien animals from managed environments (such as animals from fur farms (e.g. American mink (Neovison vison), Kidd et al. 2009 ), or unwanted pets (e.g. domestic cats (Felis catus), Dickman 2009), and the intentional release of game species (e.g. roe deer (Capreolus capreolus), Randi 2005) .
There has been a long history of introductions of game species for the creation of hunting opportunities (Yiming et al. 2006; Genovesi et al. 2012) , but many of these species have proven to be damaging to the function and health of native ecosystems. For example, non-native browsers such as feral goats (Capra hircus), barbary sheep (Ammotragus lervia) and red deer (Cervus elaphus) negatively impact native plant communities, reduce vegetation densities and cause high levels of soil erosion (Wardle et al. 2001; Acevedo et al. 2007 ). Other exotic game introductions, such as that of nilgai antelope (Boselaphus tragocamelus) in Texas, have facilitated the spread of cattle fever ticks, which transmit bovine babesiosis-one of the most economically costly livestock diseases in the United States (Cárdenas-Canales et al. 2011) .
According to the Species Survival Commission of the World Conservation Union (IUCN), wild pigs (Sus scrofa) are among the most ecologically destructive invasive species in the world (Lowe et al. 2000) . Multiple factors have contributed to the establishment of wild pig populations including deliberate releases for hunting, the escape of individuals raised as livestock as a consequence of free-range practices, and the deliberate dumping of unwanted pets (e.g. Vietnamese pot-bellied pigs) (Mayer and Brisbin 2008; Caudell et al. 2013; Bevins et al. 2014) . Since their first introduction to the continental USA in the sixteenth-century by European explorers (Wood and Barret 1979) , the species' distribution and abundance have expanded dramatically. Although long-established in the USA in regions of California, Texas and the Southeast, recent and rapid range expansion has led to the establishment of wild pig populations in as many as 44 states (Hutton et al. 2006; Barrios-Garcia and Ballari 2012; Bevins et al. 2014) . The rapid expansion of wild pigs has been attributed to both intrinsic properties of the species (i.e. ability to adapt to a variety of habitat types, omnivorous foraging behavior, and high reproductive rates) and extrinsic causes (i.e. illegal transportation and release, frequent escapes from farms and hunting preserves, the propensity to thrive in human-altered landscapes, and a lack of native predators) (Seward et al. 2004; Bevins et al. 2014) . Regionally, wild pig abundance in Florida is second only to Texas with an estimated 500,000 to one million individuals in the state (Giuliano 2010; FDACS 2016) .
The first introduction of domestic swine in Florida is believed to have occurred in the early 1500s when Spanish conquistadors arrived at Charlotte Harbor in Lee County, southwest Florida . Through the early 1900s, European colonists raised domestic swine in unfenced, semi-wild conditions, with animals often becoming feral and expanding across the broad central savannah and coastal areas of the state (Mayer and Brisbin 2008) . Specifically, it is believed that descendants of free-ranging domestic swine maintained by homesteaders in the Kissimmee River Valley became a substantial component of the wild pig populations established in Florida by the 1980s (Mayer and Brisbin 2008) .
Currently, wild pig hunting is permitted in Florida. From the 1940s through the 1970s, domestic pigs were allowed to range freely. Periodic introductions of pure Eurasian wild boar throughout Florida hybridized with domestic and semi-feral swine to establish non-native wild pig populations throughout the state (Mayer and Brisbin 2008; W. Frankenberger pers. comm.) .
1 In addition, legal translocations were conducted to restock state-controlled wildlife management areas. For example, from 1950 through the 1970s, approximately 3000 wild pigs were collected from various state parks and other ecologically sensitive areas and relocated to wildlife management areas in Palm Beach, Glades and Collier/Monroe counties in south Florida to establish or augment locally hunted populations (Belden and Frankenberger 1977; Mayer and Brisbin 2008) .
The Florida Department of Agriculture and Consumer Services (FDACS) authorizes registered dealers to capture wild pigs on federal, state, municipal or private lands, and transport them to transitory holding facilities, prior to being sold for meat or released at private game preserves for hunting (Gioeli and Huffman 2012; FDACS 2016) . During the course of this study, approximately 400 transitory holding facilities were registered by FDACS in Florida. Despite current state regulations, animals can escape from holding facilities, or alternatively, they can be illegally transported by recreational hunters and landowners over large distances and introduced to hunting areas without documentation of the movement. The willingness of people to translocate wild pigs has facilitated range expansion of this species in Florida and other states in the southern USA (Seward et al. 2004; Bevins et al. 2014; W. Frankenberger pers. comm.) .
2 Illegal introductions represent a growing concern because of the impacts that wild pigs have on biodiversity, agriculture production, and animal and human health (Crooks 2002; Hone 2002; Bankovich et al. 2016) .
Population genetic analysis can provide information regarding patterns of connectivity and interbreeding among populations and can be useful for differentiating natural patterns of animal dispersal from human-assisted translocations. Microsatellite markers are a widely used molecular tool to infer population connectivity and dispersal among sampling locations, thus allowing a greater understanding of the location-specific ecology of this species (Vernesi et al. 2003; Hampton et al. 2004; Nikolov et al. 2009; Scandura et al. 2011) . Previous population genetic studies of wild pigs, largely conducted in Europe and Oceania, have identified individual membership to particular populations and levels of population admixture (i.e. interbreeding among isolated populations which produces offspring with a mixture of alleles from different ancestral populations) (Vernesi et al. 2003; Hampton et al. 2004; Spencer and Hampton 2005; Nikolov et al. 2009; Scandura et al. 2011; Lopez et al. 2014) . Although these data will help inform population management and control efforts, little is known about wild pig dispersal and expansion throughout North America.
The goal of this study was to use population genetic techniques to describe movement patterns of wild pigs and to identify the potential factors that may influence their dispersal across Florida. We hypothesized that wild pigs would exhibit genetic population structure consistent with both historic and contemporary patterns of human-assisted introductions. Specifically, in the Kissimmee Valley region, where populations have been long established, we expected to find significant levels of both interbreeding and immigration among wild pig populations, consistent with a long history of natural and human-assisted movement in the valley and surrounding regions. If recent human-assisted introductions from outside the Kissimmee Valley were occurring, we would expect to find pockets of genetically distinct populations with limited genetic exchange with other nearby populations. Finally, because both escapes from holding facilities and intentional release at wildlife management areas have been identified as a source of introductions in the southeastern USA (Seward et al. 2004; Bevins et al. 2014; W. Frankenberger pers. comm.) , 3 we hypothesized that populations near animal holding facilities and at wildlife management areas would support higher frequencies of interbred wild pigs and genetic immigrants than other sites around Florida.
Materials and methods

Sample collection of wild pig tissue
From January 2014 to March 2016, we collected tissue samples from 482 wild pigs at 39 sites across the state of Florida, USA (Fig. 1) . We sampled animals opportunistically as part of a national wild pig disease monitoring effort led by the United States Department of Agriculture, Animal Plant and Health Inspection, Wildlife Services, National Wildlife Disease Program (NWDP). We acquired genetic samples from wild pigs that were trapped and euthanized during animal control efforts conducted throughout the study period by state or federal agencies. Additionally, we collected samples at check-stations from animals that were legally harvested by hunters on federal and state wildlife management areas, military bases, and private properties. We recorded demographic data for each animal, which included sex, age, and sampling location. Specifically, we used body size, reproductive traits, and tooth eruption patterns (Matschke 1967) to classify animals as adults (C 1 yr), subadults (2 mo-1 yr), or juveniles (\ 2 mo). From 431 animals, we collected whole blood (0.5 ml) by cardiac puncture or orbital draw and stored the sample immediately in 1 ml mammalian lysis buffer (Qiagen, Valencia, CA, USA). We stored blood samples on ice packs and then refrigerated at 4°C. From 51 animals, we collected hair, which was stored in paper envelopes in the field. Both whole blood and hair samples were transported to the University of Florida and stored at -80°C until DNA could be extracted. This study was approved by University of Florida's Institutional Animal Care and Use Committee.
DNA isolation and microsatellite genotyping
We extracted DNA from blood using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA) and from hair using the QIAamp DNA Micro Kit (Qiagen, Valencia, CA, USA). For both procedures, we followed the manufacturer's protocol, with slight modifications to increase DNA yields including vigorously mixing blood samples prior to extraction, increasing the amount of starting material (i.e. 200 ll for blood and 1-21 collected hair follicles), using 20 ll 1M DTT to increase hair tissue digestion, and a longer incubation period prior to final DNA elution (i.e. up to 15 min with shaking). We quantified the concentrations of recovered nucleic acids using the Epoch Microplate Spectrophotometer running the Gen5 software, version 2.09 (BioTek Instruments, Inc., Winooski, VT, USA). We stored isolated DNA at -20°C.
Sixty-one microsatellite markers were initially selected for multilocus genotyping, 42 of which were previously described (Ellegren et al. 1993; Robic et al. 1994; Alexander et al. 1996; Rohrer et al. 1996) and 19 novel markers that were designed and contributed by us (Online Resource 1). We screened markers and arranged loci into multiplexes using the program Multiplex Manager, version 1.2 (Holleley and Geerts 2009) based on their primer annealing temperatures and the likelihood of primer-product hybridization. Ultimately, 52 markers were either polymorphic or were successfully amplified to produce fragment peaks with a clear topology (see next subsection). We performed multiplex PCRs in 15 ll reaction volumes using the Qiagen Type-it Microsatellite PCR Kit (Qiagen, Valencia, CA, USA) as follows: 1X master mix, 0.2 lM 10X primer mix (see Online Resource 2 for optimized primer concentrations), 0.5X Q-solution additive, 3.5 ll sterile water, and 25 ng template DNA. We used touchdown PCR protocols to reduce the occurrence of non-specific amplification with the following protocol: initial denaturation at 95°C for 15 min, followed by cycling at 95°C for 30 s, annealing for 30 s with a 0.5°C decrease with each subsequent cycle to reach optimum annealing temperature, and elongation at 72°C for 30 s (see Online Resource 2 for specific starting temperatures) for 20-30 cycles with a final elongation at 72°C for 40 min. We analyzed PCR products by capillary electrophoresis on an ABI 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and scored fragments using GeneMarker version 2.6.2 (SoftGenetics, State College, PA, USA) at the University of Florida.
Validation of genotypes and calculation of genotyping error
We attempted to re-amplify loci that were initially unsuccessful; however, if subsequent efforts failed (i.e. second and third attempts), these genotypes were categorized as missing data for the sake of analysis. To assess genotyping error and allelic dropout, 52 blood samples (i.e. approximately 12% of the dataset) were chosen at random and re-genotyped. We then compared the 52 duplicated genotypes to the originals, and any discrepancies were reconciled by conducting a third genotyping run. Six markers (S0215, Susc18, S0005, CGA, SW1680, SW13) exhibited C 5% genotype error and were removed from the final dataset. Additionally, we eliminated two loci that exhibited high amplification failure ([ 20%) and one monomorphic locus from the final dataset (SW1816, S0090, Susc11). Ultimately, we considered 52 loci in the final dataset.
Considering that locus amplification and genotyping error rates potentially may be affected by using different tissue types (blood and hair) that yield different quality and quantity of DNA (e.g. noninvasive samples, such as hair, have been shown to have higher allelic dropout because of lower quantity and quality of DNA recovered relative to other tissue types, Bonin et al. 2004) , we conducted an independent validation study from parallel kidney and hair samples collected from an additional 34 wild pigs. Specifically, kidney samples were collected from fresh carcasses, placed into a cooler in the field, and then shipped on ice packs overnight to the NWDP for processing. We stored both kidney and hair samples at -20°C until DNA could be extracted. For each kidney sample, we extracted DNA independently in triplicate using a Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA), following the manufacturer's recommended protocol. Similarly, we extracted DNA from hair follicles in triplicate using QIAamp DNA Micro Kit (Qiagen, Valencia, CA, USA) with 15 follicles used for each independent extraction. We modified Qiagen's recommended extraction protocol by disrupting follicle samples immediately prior to incubation by vibrating samples with a TissueLyser LT (Qiagen, Valencia, CA, USA) at 30 Hz for 6 min with sterile stainless steel 5 mm bead as recommended by Smith et al. (2011) . We quantified the quality and quantity of DNA extracted from both kidney and hair samples with a Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA) and diluted extractions to 10 ng/ll for PCR amplification. Extraction replicates with an elution concentration \ 10 ng/ll were re-extracted. Each replicate of kidney and hair DNA was amplified and genotyped using the same multiplex PCRs and fragment analysis conditions described above. We compared the genotypes derived from triplicate DNA extractions from kidney (n = 3 9 34) and hair (n = 3 9 34) samples to validated multilocus genotypes and quantify genotyping error between putatively high quality (kidney) and putatively low quality (hair) DNA sources. Genotypes were assigned with GeneMapper 4.0 (Applied Biosystems) and we analyzed genotypes with software package ConGenR (Lonsinger and Waits 2015) in R version 3.3.1 (R Core Team 2016) to identify allelic dropout and false alleles among the 6 (3 kidney, 3 hair) replicates.
Estimating genetic diversity
We calculated descriptive statistics of basic measures of genetic diversity to assess sampling bias, population structure, and the robustness of molecular marker data of wild pigs across sampling locations. For all genetic analyses, we only considered genotypic data from sampling sites with C 5 individuals (n = 454 animals). To describe locus polymorphism, we calculated the number of alleles (N a ), observed heterozygosity (H o ) and expected heterozygosity (H e ) using GenAlex version 6.5 (Peakall and Smouse 2012) . We calculated the mean allelic richness per sampling location (A R , El Mousadik and Petit 1996), corrected for the smallest sample size, using the R package PopGenReport version 2.2.2 (Gruber and Adamack 2015) . We evaluated deviation from Hardy-Weinberg equilibrium (HWE) (i.e. derived from the comparison between observed and expected heterozygosity) at each locus across the entire dataset and per each sampling location using an exact test based on 100,000
Monte Carlo permutations, and linkage disequilibrium (LD) (i.e. significant correlation of alleles at different loci) using the R package pegas version 0.9 (Paradis 2010) . We adjusted significance levels for multiple tests of HWE and LD using sequential Bonferroni corrections (Holm 1979; Rice 1989) in R.
Estimating population genetic structure
We characterized wild pig population genetic structure to infer historical and contemporary patterns of animal introduction and dispersal throughout Florida. We calculated F-statistics to examine the hierarchical partitioning of inbreeding within sampling locations (F IS ), relative to the inbreeding that can be explained by drift among different sampling locations (F ST ), and the individual inbreeding relative to the total population (F IT ) (Wright 1951 (Wright , 1965 . The statistical significance of F-statistics was tested using 999 permutations using the G-statistic Monte Carlo test implemented in the R package hierfstat 0.04-26 (Goudet 2005). We calculated pairwise F ST values (Weir and Cockerham 1984) among all sampling locations, and their statistical significance determined by 999 permutations, using GenAlEx version 6.5 (Peakall and Smouse 2012) .
Before quantifying migration into and out of populations, we evaluated the level of genetic clustering (i.e., the assortment of genotypes into distinct genetic clusters) using two different Bayesian clustering methods implemented in STRUCTURE version 2.3.4 (Pritchard et al. 2000; Falush et al. 2003 ) and BAPS version 6.0 (Corander and Marttinen 2006; Corander et al. 2008) . Both methods assign individuals to clusters (K) by minimizing deviations from HWE and linkage disequilibrium. STRUCTURE derives a posterior probability for each K examined across multiple Markov Chain Monte Carlo (MCMC) replicates (Pritchard et al. 2000; Falush et al. 2003) . BAPS employs a greedy stochastic optimization method to search for the most probably number of clusters (Corander et al. 2008) .
To assess genetic clustering of individuals, we tested the likelihood of K = 1-25 clusters using 20 replications at each K using the program STRUC-TURE. Because of the long history of human-assisted introductions and high natural dispersal capabilities of wild pigs, we assumed an admixture ancestry model and correlated allele frequencies without including sampling location for each individual. We established 100,000 iterations for the burn-in period (i.e. simulation run previous to data collection to minimize the effect of the starting configuration) and 100,000 iterations post burn-in (i.e. simulations run after the burn-in to obtain parameter estimates). We compared likelihood values across replicates for each value of K and calculated DK, a statistic based on the rate of change in log-likelihood of the data (Evanno et al. 2005) , with STRUCTURE HARVESTER version 0.6.94 (Earl and vonHoldt 2012) to estimate the optimal value for K. DK has been shown to identify only the uppermost hierarchical level of genetic structure (Evanno et al. 2005) . Further, the utility of DK to accurately identify the genetic structure is limited by unequal sample sizes, as is the case here (Puechmaille 2016) . Thus, we also used the suite of metrics developed by Puechmaille (2016) (i.e. corrected PP, MedMeaK, MaxMeaK, MedMedK and MaxMedK) to infer the number of genetic clusters present within our dataset.
To assess the robustness of our genetic clusters, we conducted a Bayesian mixture-clustering analysis among individuals without considering sampling location (i.e. the inclusion of sampling locations did not generate different clustering results in preliminary analyses) using the program BAPS. Initially, we ran the program with 5 replications of K = 1-25 and subsequently, we conducted 20 replications on the best-visited K values with highest likelihood (K = 15-17).
To better visualize our clustering approaches to population assignment, we used a Discriminant Analysis of Principal Components (DAPC, Jombart et al. 2010 ) using the R package adegenet version 2.0.1 (Jombart and Ahmed 2011) . DAPC is a multivariate approach that does not make any assumption about HWE or linkage equilibrium, maximizing the amongpopulation variation and minimizing the variation within predefined groups (Jombart et al. 2010) . The optimal value of K was determined based on Bayesian Information Criterion (BIC) scores.
We tested the relationship between genetic differentiation (F ST /1 -F ST ) and geographic (Euclidean) distance (km) to assess patterns of isolation-bydistance. This hypothesis posits that the regular increase in genetic differentiation among individuals (or populations) is positively correlated with geographic distance due to geographically limited but continuous dispersal. When isolation by distance is not observed, it is inferred that factors other than proximity, such as human-assisted movement, shape the population movement patterns. Using data from individuals from all sampling locations, we ran a Mantel test with 10,000 permutations implemented in the R package ade4 version 1.7-4 (Dray and Dufour 2007) . Geographical distances among sampling locations were calculated from either the geometric centroid of hunting check-stations or the mean center point of trap clusters (depending on collection method).
Estimating migration rates and admixed individuals
We assigned individuals as recent immigrants into a population or as nonimmigrants. These individual assessments were derived from population migration rates within each sampling location using BAYESASS version 3.0 (Wilson and Rannala 2003) . We ran 100,000,000 MCMC iterations following a 10,000,000 burn-in period, and we used a sampling interval of 500 steps. We tested multiple delta values for the mixing parameters of migration rates, allele frequencies and inbreeding values. Delta values set to 1 resulted in optimal acceptance rates for changes to each mixing parameter (between 20 and 60%). We conducted multiple runs initialized with different random seeds and compared the posterior mean parameter estimates for convergence. We calculated 95% credible intervals (CI) for pairwise migration rate estimates between sampling locations, considering credible intervals that did not include zero to be statistically significant. Finally, we compared the significant rates of recent (first and second-generation) descendants of migrants with their corresponding genetic cluster assignment to evaluate congruence among all the conducted analyses.
To determine whether interbreeding among individuals from isolated clusters was occurring, we estimated individual genetic admixture using BAPS. This measure assessed whether an individual had the signature of one or more distinct genetic clusters. Once the most likely K value was determined, admixture inference was conducted using 100 simulations from posterior allele frequencies. We compared the mean posterior proportion of each individual's ancestry (admixture coefficient) relating to each estimated K (clusters with C 5 individuals). The admixture coefficient was bound between 0 and 1; animals with a coefficient closer to 1 had a less admixed ancestry than coefficient estimates closer to 0. Statistical significance was set at a = 0.05 to determine whether individuals had evidence of admixture. The p value reflected the proportion of simulated individuals (n = 200) from the cluster to which one specific individual was originally assigned that had admixture coefficient B to that specific individual.
Predictors of wild pig admixture and migration rates
We tested whether human-related land use practices by hunters and trappers were related to the probability that an individual was (1) a genetic mixture of two genetically distinct populations (admixture) or was a recent immigrant (as inferred from the population migration rate). Admixed offspring or recent immigrants would be present if individuals from one genetically distinct population migrated (either naturally or with human assistance) to another area and mated with individuals from a different and genetically distinct population.
Land use factors were categorical (i.e. public hunting = 1 and no public hunting = 0) and continuous (i.e. geographic distance to the nearest wild pig holding facility) variables. Individual traits were age (i.e. juvenile, sub-adult, or adult) and sex. We used generalized linear regression models within an Akaike information criterion (AIC) framework for model comparison (Burnham and Anderson 2002) to test for relationships between predictor (i.e. human-related land use and individual age and sex) and response (i.e. probabilities of admixture and migration) variables. We used the R package MuMIn version 1.15.6 (Barton 2015) to fit the global multinomial model and all additive subsets, and to calculate model-averaged regression coefficients, 95% confidence intervals and cumulative AIC weight of evidence of each predictor variable (Burnham and Anderson 2002) . Prior to their inclusion of predictor variables in the models, we tested all predictor variables for collinearity using Pearson correlation coefficients. We conducted statistical tests in R using a = 0.05 for determination of statistical significance.
Results
Genetic diversity and tissue validation
The 52 microsatellite loci in the final dataset produced a genotyping error rate (both allelic dropout and false alleles) of 0.7% (21 genotyping discrepancies/2704 scored genotypes) across the 52 replicate genotypes from blood samples. From the comparison of genotypes from paired triplicate hair follicle and kidney samples, we obtained a genotyping error of 1.7% (196 genotyping discrepancies/11,628 scored loci) indicating that we were able to generate robust genotypes from hair samples. Thus, for subsequent analyses, we treated genotypes generated from hair follicles as equivalent to genotypes generated from blood.
Allelic diversity across loci ranged from 6 (locus SW174) to 42 (locus SW856) alleles per locus (Online Resource 2). Within sampling locations, we detected an average of 5.1 alleles per locus with a mean allelic richness of 3.35 (when resampling individuals within site to an n = 5) ( Table 1) . H o and H e values across loci ranged from 0.163 (locus Susc34) to 0.866 (locus SW1067), and from 0.352 (locus S0227) to 0.942 (locus SW856), respectively. Although we found significant differences between H o and H e , the difference was small (Online Resource 2). Mean H o and H e were 0.626 and 0.616, respectively, across all the locations (Table 1) . Of the 52 loci, we detected significant deviations from Hardy-Weinberg equilibrium (HWE) at 46 loci (Bonferroni adjusted p \ 0.05) across the entire dataset. Forty-three of 46 markers with HWE deviations exhibited a deficit of heterozygotes (H o \ H e ) (Online Resource 2). Evidence of linkage disequilibrium (LD) between genotyped loci was demonstrated for 63% (830/1326) of pairwise loci comparisons (Bonferroni adjusted p \ 0.05). The relatively high HWE deviations and LD likely due to the genetic population structure we observed across sampling locations (see next subsection). We detected significant deviations from HWE at 13 out of the 1508 tests conducted (Bonferroni adjusted p \ 0.05) across all sampling locations. A maximum of three deviations from HWE were detected per location, and one marker (locus Susc2) exhibited HWE deviation in six out of 29 sampling locations (Table 1) .
Genetic population structure
The overall F-statistics resulted in significant values for F IS = 0.0281, F IT = 0.1419, and F ST = 0.1170 (G-statistic = 38,470, p = 0.001). The small but significant F IS value indicated low levels of inbreeding within sampling locations, which was likely driven by related individuals (within family units called sounders) being sampled within a site. This pattern also likely influenced the finding of a significant LD and heterozygote deficit.
All . We chose to interpret K = 21 given that was included within the distribution of Puechmaille's statistics and coincided with the L(K) peak with the lowest variance according to STRUCTURE. Thus, the mean membership coefficient (Q) of each sampling location to the inferred clusters was divided into 21 distinct groups, considering locations with Q C 0.5 in any inferred cluster. Mean membership coefficient per location ranged from 0.546 to 0.976 for individuals across the 21 inferred clusters (Online Resource 6). One distinct cluster included all the animals from location 3 in northwest Florida. We found other clusters where the majority of individuals comprising each cluster were from one sampling location, such as location 1 in the northwest; locations 2 and 4 in the northcentral; locations 6, 8, 9, 10, 13, 19 and 21 in the northeast; locations 15, 18, 20, 24, 25, 26 and 29 in the southwest; and location 28 in the south. Two other clusters were composed of individuals from two sampling locations in each cluster, such as locations 5 (northeast) and 17 (southwest), and locations 12 (northeast) and 16 (southwest), respectively (Fig. 3a) . The rest of the six locations (7, 11, 14, 22, 23 and 27) had Q \ 0.5 in any inferred cluster and were not assigned to a specific cluster (Online Resource 6, Fig. 2a ). Mixture-clustering analyses in BAPS resulted in a probability of [ 0.999 (log (ml) of optimal partition: -80159.3593) of there being K = 16 genetic clusters of wild pigs in the study area (Fig. 2b) . Other cluster Fig. 2 Geographic location and number of genetic clusters (K) inferred by three statistical methods across the 29 sampling locations of wild pigs in Florida. a STRUCTURE (corrected by Puechmaille's statistics): sampling sites colored according to the predominant assignment of individuals to one of 21 genetic clusters (left) and Bayesian clustering output (right) (sites not assigned to a specific cluster are colored in white), b BAPS: sampling sites colored according to the predominant assignment of individuals to one of 16 genetic clusters (left) and mixture clustering output (right), and c DAPC: sampling sites colored according to the predominant assignment of individuals to one of 5 genetic clusters (above) and projection of clusters in discriminant space using the first two principal components (proportion of variance conserved by PCA principal components = 0.932) (below) partitions, such as K = 15 and K = 14, had lower log (ml) values (-80188.3407 and -80224.8726, respectively) . BAPS analyses were able to detect a similar fine-scale population structuring as STRUC-TURE. BAPS identified 13 clusters where the majority of individuals comprising each cluster were from one sampling location (i.e. locations 1, 2, 3, 4, 6, 9, 10, 13, 18, 20, 21, 28 and 29) . One major cluster was comprised of animals from the rest of the 16 locations (Online Resource 7). Two clusters only included two individuals in each cluster (from locations 26 and 27, respectively), and they were not included in the admixture analysis.
DAPC analyses suggested an 'optimal' value of K = 5 (i.e. lower BIC value at K = 5); but the relatively flat pattern of the elbow in the curve (representing the relationship between BIC and number of clusters) suggested that values of K ranging from 3 to 10 may also represent 'optimal' number of clusters summarizing the observed genetic structure of wild pigs. Considering a K = 5 as the most probable number of clusters, animals sampled at locations 3 (K5), 9 and 10 (K2), and 13 (K3) seemed to be genetically distinct from individuals sampled at all the rest of 25 locations (divided in both K1 and K4) (Online Resource 8, Fig. 2c ).
Deviations from genetic equilibrium were likely a product of biological processes and not null alleles. We reran STRUCTURE without the four loci that had the highest deviations from HWE (loci Susc2, Susc15, Susc34, and Susc20), and found no effect on the clustering results. Thus, we left the loci in all of our analyses.
Migration and ancestry analysis
Analysis of gene flow patterns revealed low and statistically insignificant migration rates for the majority of sampling locations (i.e. mean migration rates for which the 95% CI included the zero). However, we found statistically significant migration rates between one particular 'core' site (location 22 in the southwest) and 16 other sampling sites throughout Florida (ranging from 3 to 14% immigrants between sites, Fig. 3 ). For other locations that had significant migration rates with the core location, 84.2% (16/19) of these animals exhibited a probability [ 0.9 to be either first or second-generation migrants which suggested that these animals were recent migrants or the descendant of recent migrants. Except for two locations, all the sites with significant migration into or out of location 22 were assigned to the major genetic cluster inferred by the BAPS analysis. Six out of 16 locations with significant migration into or out of location 22 corresponded to the locations that were not assigned to any specific genetic cluster by STRUC-TURE, after calculation of Puechmaille's statistics.
Mean posterior proportion of each individual's ancestry showed that 6.2% (28/450) of wild pigs had significant evidence (p \ 0.05) of genetic admixture (i.e. mixture of alleles from different ancestral populations due to interbreeding events) across 14 out of 16 inferred clusters, and 75% (21/28) of admixed individuals were assigned to the major cluster. Individual wild pigs from other genetic clusters were not significantly admixed, and thus, the majority of their genome was related to one particular ancestral population.
Predictors of wild pig admixture and migration A total of 390 transitory holding facilities were identified and located throughout the state of Florida. Proximity to the nearest wild pig holding facility (range: 2-40 km) was the only variable that significantly predicted both the probability of admixture and individual migration patterns among all top models. The best-ranked AIC model (Log-lik = -148.26, AIC = 302.51) predicting wild pig admixture only included distance to nearest holding facility as a predictor variable. This model presented the highest AIC weight of evidence (w r = 0.32) and the cumulative AIC weight of evidence of the predictor variable was 0.72 across the four best-ranked candidate models (Online Resource 9). Probability of wild pig admixture was higher in wild pigs collected in sites near holding facilities (b 1 = 0.0048, 95% CI 0.0011, 0.0085, p = 0.0105), i.e. the closer the proximity to a holding facility the lower the ancestry coefficient and the higher the individual admixture.
The best-ranked AIC model (Log-lik = -269, AIC = 546) predicting wild pig migration included distance to nearest holding facility and sex as predictor variables. This model presented the highest AIC weight of evidence (w r = 0.19) and the cumulative AIC weights of evidence for both predictor variables were 1 (distance to nearest holding facility) and 0.56 (sex), respectively, across the eight best-ranked candidate models (Online Resource 9). Probability of an individual being a first/second-generation migrant significantly increased with the proximity of the sampling site to animal holding facilities (b 1 = -0.0106, 95% CI -0.0157, -0.0059, p \ 0.001), but sex was not significantly related to individual migration (b 1 = -0.0684, 95% CI -0.1521, 0.0174, p = 0.113).
Although candidate models including the rest of predictor variables exhibited DAIC \ 2 and similar weight of evidence compared to the best-ranked AIC models, neither public hunting nor individual covariates of age or sex were significantly related to admixture or migration patterns across all the candidate generalized linear regression models (i.e. all b 1 coefficients with p [ 0.05). No correlation was detected between the predictor variables included in the global multinomial model (all Pearson correlation coefficients with p [ 0.05).
Discussion
The genetic patterns of wild pigs observed in Florida support the hypothesis that ongoing human-assisted movement is a source of their introduction and dispersal throughout the state. We found evidence of multiple unique genetic groupings, and patterns of both admixture and isolation that are not easily explained by natural dispersal. The lack of isolation by distance signal suggests that patterns of dispersal are driven by processes other than geographic proximity as would be expected under a stepping-stone model of gene flow. We suggest that human-assisted Fig. 3 Significant migration rates between one particular 'core' site (location 22, red circle) in the Kissimmee Valley and 16 other surrounding locations (green circles). Entire lines denote 3-6.7% immigrants between sites, and dashed lines denote 7.4-14% immigrants between sites movement at least partially explains the observed pattern, aligning with a previous population genetic study of wild pigs in California (Tabak et al. 2017) .
We demonstrated that locations proximal to wild pig holding facilities were associated with a higher probability of (1) individuals with a mix of genetic signatures from two or more genetically distinct populations, and (2) first or second-generation immigrant individuals. Human-assisted movement also explains the high migration rates in populations near the holding facilities. Our results suggest that holding facilities may act as foci for genetic exchange within landscapes through multiple potential routes, such as escapes from the facility, escapes during animal transport, escapes during transfer from dealers to holding facility, and/or deliberate releases. These arguments support previous research that speculates that the influence of animal escapes from farms and hunting preserves (Bratton 1975) , and illegal transport and release (Waithman et al. 1999; Zivin et al. 2000) is responsible for increasing the range expansion and population densities of wild pigs across other states in U.S.
Three genetic clusters associated with unique locations were consistently inferred by each clustering method. Recent wild pig introductions from multiple genetic sources may explain the existence of these three distinct genetic clusters that were genetically distinct from wild pigs found elsewhere in Florida. One cluster was composed of animals sampled on an island located in Franklin County (northwest Florida) where purebred domestic Brown Russian and Poland China swine were introduced in the early 1940 s to restock hunted wild pigs on the island. Since the last introduction, the insular population was assumed to be disconnected from other wild pigs inhabiting the mainland (Mayer and Brisbin 2008) , and these data suggest that, indeed, no migration to the island from the mainland has occurred. The other two clusters were composed of animals sampled at locations from Lake and Orange counties, respectively (northeast Florida). No official records exist about wild pig translocations into these particular sites, but the genetic uniqueness compared to wild pigs from other surrounding locations suggests that animals at these sites were recently introduced. This introduction would likely be associated with unreported/illegal transport and release to increase local hunting opportunities (Vernesi et al. 2003; Spencer and Hampton 2005; Scandura et al. 2011; Lopez et al. 2014) .
Human-assisted movement is a likely explanation for the signal of admixed, recent immigrants detected between a particular 'core' site in southwest Florida and the other 16 sites that were mainly in one cluster, yet distributed across the state. Several anecdotal reports suggest that trappers have successively introduced up to several thousand wild pigs per year (from 2000 through 2008) into a private hunting club on the northern border of the 'core' site (both sites were located on the border of Polk and Highlands Counties). These animals could have been trapped at multiple unidentified preserves and parks across northeast and southwest Florida (W. Frankenberger pers. comm. 4 ), creating stocks from different genetic sources in the hunting club. Intensive and prolonged hunting pressures may expand the movement ranges of wild pigs from the hunting club to the 'core' site (Choquenot et al. 1996; , likely resulting in the admixture and production of F1/F2 individuals from the mating between animals from the 'core' site and other source populations (up to 84% of admixed individuals were first/second immigrants from another population). Ultimately the emerging picture of wild pigs in the Kissimmee Valley region of Florida is a long and continuous history of movement, both natural and human-assisted within the valley.
The small but significant inbreeding (as measured by F IS ) we detected across all populations can be explained by an interaction between wild pigs breeding strategy/social structure, and our collection scheme. Aggregation of related individuals in family groups, high levels of female philopatry, and a few polygynous males siring the next generations, contribute to increase the genetic similarities among individuals of the same group (Gabor et al. 1999; Hampton et al. 2004; Kaminski et al. 2005; Poteaux et al. 2009 ). Considering our collection scheme of wild pigs, where multiple individuals were often harvested or trapped simultaneously in sampling locations, we likely genotyped related individuals belonging to the same family group, increasing the estimation of inbreeding with subpopulation (F IS ). The large number of loci with small deviations in HWE is likely due to the large number of admixed and migrant individuals in our samples. When individuals are the product of parents from genetically distinct populations this produces linkage disequilibrium, which by definition produces deviations in HWE.
As a whole, our study contributes novel insights regarding the role of human-assisted movement in the maintenance and spread of wild pigs in Florida and the influence of holding facilities as foci of translocation activities. We identified areas where long-term and ongoing wild pig introductions have taken place, reflected in high interbreeding due to wild pig dispersion between different locations through the Kissimmee Valley region and surrounding regions. We have also identified isolated genetic groupings with limited genetic exchange with other nearby populations, which is suggestive of recent translocations. Finally, we have shown that transition holding facilities for wild pigs are not secure and likely result in escapes or intentional releases into surrounding areas. These human activities have shaped the demographic structure of wild pigs at the regional level. Our findings inform both legislative and regulatory management focused on this invasive wild ungulate in Florida and other southeastern states in the U.S. by highlighting the role of transportation and escapes from holding facilities in maintaining and expanding invasive wild pigs in Florida.
